Objective: To describe the relationship of blood pressure (BP), antihypertensive medication use, and other factors to serial measurements of retinal arteriolar diameters over time in the Beaver Dam Eye Study.
−0.22; P=. 44) , and heavy alcohol consumption (drinking) (current vs past/never heavy drinker: concurrent examination, −2.54; P=.03; previous examination, −2.42; P =.02) were associated with CRAE. In the same model, there were significant interactions between concurrent and previous systolic BP (0.11; P=.003) and between concurrent and previous body mass index (0.12; P=.04). Use of calcium channel blockers at both the concurrent and past examination (vs neither examination, 1.59; P=.01), but not other classes of antihypertensive drugs, was associated with CRAE.
Conclusions:
Retinal arteriolar diameter is independently associated with past and current systolic BP, calcium channel blocker use, smoking status, body mass index, and heavy drinking during 5-year intervals. The relationships with CRAE are stronger for concurrent than for past measures of these variables.
Arch Ophthalmol. 2012; 130(8) : [1019] [1020] [1021] [1022] [1023] [1024] [1025] [1026] [1027] C OMPUTER-ASSISTED MEAsurement of retinal vessel diameters from fundus photographs has been used increasingly as a tool to study cardiovascular, renal, and other systemic diseases in population-based studies during the past 10 years. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Retinal arteriolar diameter, measured as the width of the retinal arteriolar blood column, has been shown 1,2,9,13-21 to be associated with past, present, and future blood pressure (BP) and cardiovascular disease morbidity and mortality.
However, most information regarding associations between BP and other factors related to retinal arteriolar diameters is from cross-sectional studies. dents aged 43 to 84 years who were eligible to participate in a study of age-related eye conditions and traits. 23 Of 5924 persons identified, 4926 individuals (99% white) participated in the baseline examination in [1988] [1989] [1990] . The cohort was reevaluated at 5-year (n=3722), 10-year (n=2962), and 15-year (n = 2375) follow-up examinations. Participation rates exceeded 80% among survivors at each examination. [23] [24] [25] [26] Differences between participants and nonparticipants have been presented elsewhere. [23] [24] [25] [26] In general, participants at each examination phase were younger, had lower BP, and had fewer comorbid conditions at baseline compared with nonparticipants. All data were collected with institutional review board approval from the University of Wisconsin-Madison in conformity with all federal and state laws, and the study adhered to the tenets of the Declaration of Helsinki.
PROCEDURES
Participants underwent a standardized interview and examination, using the same protocols each time. 27 A questionnaire including questions on the history of physician-diagnosed diabetes mellitus, cigarette smoking, hypertension, and use of medications was administered. Height, weight, and BP were measured using standardized protocols.
Refraction was performed using a modification of the Early Treatment Diabetic Retinopathy Study protocol. 23 Serum total cholesterol and high-density lipoprotein cholesterol levels were determined from unfrozen serum on the day that the samples were collected. 28, 29 At all examinations, additional serum samples were obtained and stored at −80°C from the day collected until creatinine and high-sensitivity C-reactive protein tests were performed in 2007. The level of soluble vascular cell adhesion molecule 1 was measured in 2008 on baseline samples. 30, 31 Thus, samples from the baseline examination (1988-1990), examination 2 (1993-1995) , and examination 3 (1998-2000) were stored frozen for approximately 17 to 19 years, 12 to 14 years, and 7 to 9 years, respectively.
The participants' pupils were pharmacologically dilated. A slitlamp camera (Topcon America Corporation) was used to photograph the lens of each eye, and the photographs were graded for the presence and severity of nuclear sclerosis. 32 Stereoscopic 30°color fundus photographs centered on the disc (Diabetic Retinopathy Study 33 standard field 1) were obtained for each eye. Agerelated macular degeneration (AMD) was graded according to the Wisconsin Age-Related Maculopathy Grading System. 34, 35 Retinal vessels were measured from the digitized images of field 1 slides using a semiautomated computer program designed for this project (IVAN; University of Wisconsin-Madison). 36, 37 In brief, the grading protocol required vessel diameters from the 6 largest arterioles and 6 largest venules located in a zone 0.5 to 1.0 disc diameter from the disc margin.
38,39 Every 6 months, the graders remeasured 50 eyes to determine intergrader and intragrader variability. Correlation coefficients were high (Ͼ0.90) for both intergrader and intragrader comparisons for both arteriolar and venular measurements (data not shown).
DEFINITIONS
For each eye graded, the measurements of the 6 largest arterioles were combined to calculate the CRAE. 38 Image quality was evaluated as good, fair, or poor. Nuclear sclerosis was graded by comparing images with standard photographs using a 5-step scale and categorized as 2 or less, 3, more than 3, or cataract surgery. Refraction was categorized as moderately to highly myopic (less than −3 diopters [D]), mildly myopic (−3 to −1 D), emmetropic (−1 to 1 D), mildly hyperopic (1 to 3 D), and hyperopic (Ͼ3 D). Smokers were defined as persons having smoked 100 or more cigarettes in their lifetime who had not stopped smoking by the time of examination. Nonsmokers were defined as individuals who had either never smoked or who smoked in the past but had stopped by the time of examination. Past smokers and never smokers were combined into a nonsmoker category for all analyses. Pack-years was defined as the average number of cigarettes smoked per day divided by 20, then multiplied by the number of years smoked. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Persons with current heavy alcohol consumption (heavy drinkers) were defined as those who consumed 4 or more servings of alcoholic beverages daily, past heavy drinkers had consumed 4 or more servings of alcoholic beverages on a daily basis in the past but not in the past year, and never heavy drinkers had never consumed 4 or more servings of alcoholic beverages on a daily basis. Past heavy drinkers and never heavy drinkers were combined into a past/never heavy drinker category in all analyses.
Mean arterial BP (MABP) was defined as (systolic
STATISTICAL ANALYSIS
The purpose of our analysis was to examine previous (5 years earlier) and concurrent relationships between risk factors ( Table 1) and CRAE. We hypothesized that previous and concurrent measures of a risk factor would be independently associated with CRAE, that the association would be stronger for concurrent than for previous measures, and that the previous measure of the risk factor would modify the concurrent relationship between that variable and CRAE (ie, there would be a significant interaction). Using SBP as an example, in concurrent analyses (model 1 in Table 2 ), we modeled the relationship of SBP to CRAE at the same examination (ie, SBP at examination 1 to CRAE at examination 1, SBP at examination 2 to CRAE at examination 2, and so on). Rather than creating 4 models (ie, 1 for each examination), we used time-updating covariates to incorporate information from all 4 examinations into 1 model. In model 2 in Table 2 , we added a term for each risk factor measured at the previous examination and an interaction term between each risk factor at the examinations previous to and concurrent with the CRAE measurement (ie, SBP at examination 1 ϩ SBP at examination 1ϫSBP at examination 2, SBP at examination 2 ϩ SBP at examination 2ϫSBP at examination 3, and so on) to determine whether the previous value of the risk factor modified the relationship between the concurrent risk factor and CRAE. Figures were used to show each significant relationship (model 2 in Table 2 ). In model 3, we created a single multivariate model that included terms for all risk factors for which the previous value or interaction was significantly associated with CRAE.
Results are given for the right eye. Eyes in which 1 of the 6 largest arterioles was ungradable were excluded. Retinal photographs not taken with the preferred cameras (Zeiss; Carl Zeiss International) or eyes with late AMD, photocoagulation, photodynamic or any intravitreal treatment for AMD, retinal vessel occlusions, retinopathy, macular edema, other disease, or that were aphakic or missing lens status were excluded.
All analyses were performed with commercial software (SAS version 9.2; SAS Institute, Inc). Tests for trend over multiple examinations provided in Table 1 were computed using a general linear model. Models with CRAE as the outcome were analyzed using commercial software (SAS Proc Mixed) with unstructured correlation matrices for the error term. Each model also adjusted for image focus, cataract status, and refraction at the examination at which CRAE was measured because these factors may have the largest nondisease effect on the measure-ment of CRAE. Estimated CRAE and 95% CIs were calculated using the estimate statement in Proc Mixed, assuming age of 65 years, good image focus, absence of cataract or cataract surgery, and emmetropic refraction.
RESULTS
Of the 4926 individuals aged 43 to 86 years seen at baseline, 97 were excluded because they had no retinal photographs of field 1 or photographs were not taken using the preferred camera, 68 because late AMD was present or treatment for late AMD had occurred, 150 because other retinal diseases were present, 30 because of aphakia or unknown lens status, and 88 for having fewer than 6 gradable retinal arterioles, leaving 4493 individuals contributing data at examination 1. Similarly, 3223 of the 3722 participants seen at examination 2, followed by 2342 of the 2962 participants seen at examination 3, and 1817 of the 2373 participants seen at examination 4 contributed data to the cross-sectional analyses. Overall, 4573 unique individuals contributed to the analysis.
Characteristics of these individuals at each interval are reported in Table 1 . Participants at later examinations had narrower CRAE, lower DBP, lower serum total cholesterol and high-density lipoprotein cholesterol levels, a lower frequency of current smoking and current heavy drinking, and fewer pack-years smoked. Participants at later examinations had greater BMI, higher frequencies of using antihypertensive medications, and higher frequencies of cataract, cataract surgery, and diabetes mellitus. Systolic BP, refraction, serum creatinine level, and percentages of men and women did not differ significantly between participants at earlier and later examinations. Table 2 indicates the concurrent relationships between factors listed in Table 2 and CRAE at each examination. After adjustment for cataract status, refraction, and image focus, increasing age, higher SBP, higher DBP, higher MABP, greater BMI, higher levels of serum high-density lipoprotein cholesterol, and current heavy drinking were concurrently associated with narrower CRAE. Current smoking and presence of diabetes were concurrently associated with wider CRAE. There was no association of sex, intraocular pressure, serum creatinine, vascular cell adhesion molecule 1, antihypertensive medication use, or high-sensitivity C-reactive protein concentration with CRAE measured at the same examination.
CONCURRENT RELATIONSHIPS

Model 1 in
RELATIONSHIPS OF PREVIOUS AND CONCURRENT BP AND ANTIHYPERTENSIVE MEDICATION USE TO CRAE
The SBP, DBP, and MABP measured at the previous examination were associated with narrower CRAE independent of concurrent values of these risk variables. Adding BP measured at the previous examination to the model slightly attenuated the relationship between concurrent BP and CRAE, and the effect of the BP from the previous examination was much smaller than that of BP measured at the concurrent examination (␤=−0.42 vs −1.32 for SBP, ␤=−0.34 vs −0.99 for DBP, and ␤=−0.38 vs −1.07 for MABP) (data not shown). There was a significant interaction between the previous and concurrent SBP but not with the previous and concurrent DBP or MABP (model 2, Table 2 ). Adding this interaction term strengthened the relationship between both concurrent and previous SBP and CRAE, but concurrent SBP remained more strongly associated with concurrent CRAE than with pre- vious SBP. Adding an interaction term to the DBP and MABP models attenuated the associations with the past values of these risk factors and CRAE. To further explore the relationship of the SBP interaction, we compared estimated values of CRAE for individuals with different previous and concurrent values of SBP as described in the "Methods" section. Figure 1 shows that the effect of higher and lower concurrent SBP on CRAE depends on whether an individual was normotensive or had moderate or severe hypertension at the previous examination. For example, a 10-mm Hg increase in SBP is associated with a decrease in CRAE in individuals who were previously normotensive but not in individuals who were hypertensive.
Although previous use of any antihypertensive medication was not independently associated with CRAE measured 5 years later (model 2 in Table 2 ), we hypothesized that previous and concurrent use of specific types of antihypertensive medications would be related to CRAE. Adjusting for age, cataract status, refraction, image focus, and previous and concurrent SBP and their interaction, the history of calcium channel blocker therapy at both examinations was significantly associated and starting calcium channel blocker therapy was borderline significantly associated with wider CRAE compared with individuals who did not take a medication from this class at either examination ( Table 3) . There was no significant association with any other class of antihypertensive medications (eg, ␤-blockers, diuretics, and angiotensin-converting enzyme inhibitors). There was no relationship between change in glaucoma drop use and CRAE (data not shown). 
RELATIONSHIPS OF PREVIOUS AND CONCURRENT OTHER SYSTEMIC FACTORS TO CRAE
There was a strong positive correlation (r Ͼ0.70; PϽ.01) between past and concurrent CRAE. During each 5-year interval, approximately 25% of the participants had a positive change in CRAE (widening by Ͼ5 µm), approximately 35% had a negative change in CRAE (narrowing by Ͼ5 µm), and approximately 40% had no change in CRAE (widening or narrowing by Յ5 µm). This was consistent across all pairs of examinations.
Both previous BMI and an interaction between previous and concurrent BMI were significantly associated with CRAE (model 2 in Table 2 ). Adding these terms strengthened the concurrent relationship of BMI and CRAE. The association of the previous BMI was not as large as that of BMI measured at the same examination (␤=−1.16 vs −0.56). There was an interaction between previous and concurrent BMI (Figure 2) . The effect of higher and lower BMI on CRAE at the same examination differed depending on the BMI status at the previous examination. For example, an increase in BMI of least 2 compared with no weight gain was associated with smaller CRAE in individuals who previously had a normal BMI, but an increase in BMI compared with no weight gain was not associated with smaller CRAE in individuals who were previously overweight or obese.
Smoking at both the concurrent and previous examinations was associated with wider CRAE; however, there was no significant interaction between the two ( Table 2) . The effect size of current smoking at the same examination in which CRAE was measured was approximately 3.25 times larger than that of past smoking (␤=5.00 vs 1.55). Individuals who started smoking during the interval or were smokers at both examinations had significantly wider CRAE than did individuals who stopped smoking or were nonsmokers at both examinations (Figure 3) .
Having a history of being a heavy drinker at the previous examination was more strongly related to smaller CRAE than being a heavy drinker at the time of the concurrent examination (model 2 in Table 2 ). There was no interaction between heavy drinking 5 years before CRAE was measured and at the time when CRAE was measured. Individuals who were heavy drinkers at both examinations had narrower CRAE and those who were not heavy drinkers at either examination had wider CRAE than did individuals who either stopped or started drinking heavily (Figure 4) . Abbreviation: ACE, angiotensin-converting enzyme. a Adjusts for age, image focus, cataract status, refraction, current systolic blood pressure, past systolic blood pressure, and current ϫ past systolic blood pressure interaction.
b Includes glaucoma drops. Table 2 reports the multivariate relationships of previous and concurrent SBP, antihypertensive medication use, BMI, and smoking status to CRAE. Previous and concurrent SBP, heavy drinking, and BMI were associated with narrower CRAE; previous and concurrent smoking status were associated with wider CRAE. When added to the multivariate model, a history of using a calcium channel blocker at the previous and concurrent examinations compared with a history of not taking a calcium channel blocker at either time was significantly associated with wider CRAE (odds ratio, 1.61; 95% CI, 0.29-2.93).
MULTIVARIATE RELATIONSHIPS OF SYSTEMIC FACTORS TO CRAE
Model 3 in
The risk factors in the full multivariate model explained approximately 19% of the variance of CRAE during the 15-year period.
MULTIVARIATE RELATIONS OF SYSTEMIC FACTORS WHEN MEASURED 10 OR MORE YEARS BEFORE CRAE
We examined the relationship of SBP, BMI, current smoking, and current heavy drinking when they were measured 10 or 15 years before CRAE. None were associated with CRAE (data not shown).
COMMENT
The Beaver Dam Eye Study offered a unique opportunity to examine the associations of the temporal relationships of BP and other factors with retinal arteriolar caliber measured using standardized protocols at multiple examinations during a 15-year period. Systolic BP, smoking status, and heavy drinking measured concurrently and 5 years previously and BMI measured concurrently were independently associated with CRAE (Table 2 , model 3). Concurrent levels of these risk factors were more strongly related to CRAE than were those measured 5 or more years before. The associations of higher SBP with narrower CRAE and interactions of SBP and hypertension with narrower CRAE in our study are consistent with previous findings in both adults and children. 1, 2, 9, [13] [14] [15] [16] [17] [18] [19] 40 Our finding of a direct effect of both previous and concurrent use of calcium channel blockers but not other antihypertensive medications on CRAE was also consistent with the results of the Anglo-Scandinavian Cardiac Outcomes Trial. 41 In that study, amlodipine treatment was associated with a smaller arteriolar length-diameter ratio than was atenolol treatment, and the association remained significant after adjustment for age, sex, SBP, DBP, and other factors. One year of treatment with amlodipine, but not atenolol, in persons with hypertension led to reduction in the media-lumen ratio of the small arterioles (equivalent to a wider CRAE as measured in our study) despite the similar BP-reducing effect of both agents. 42 It is thought that some calcium channel blockers have a greater effect of vasodilation (and presumably change in medialumen proportion) of retinal blood vessels and possibly other systemic arterioles without significantly affecting systemic BP. 41, 43, 44 In our study, starting smoking was associated with a wider retinal arteriolar diameter (increased mean CRAE), whereas stopping was associated with a reduction in arteriolar diameter (decreased mean CRAE), an effect consistent with previously reported associations of current smoking with wider CRAE. 10, 37, 45, 46 Smoking-induced increase in nitrous oxide production, potassium channel activation, 47 and possible elastic tissue degeneration may also explain the association. [48] [49] [50] [51] The effect of smoking may also be mediated by an inflammatory effect. Ikram et al 10 hypothesized that disruption of the endothelial surface layer resulting from inflammation secondary to smoking may result in a thinning of this layer, with an increase in the apparent intraluminal caliber of the small retinal blood vessels.
In the Beaver Dam Eye Study, we found an inverse association of BMI with CRAE. The CRAE was narrower in lean persons in whom the BMI increased, and CRAE was wider in obese persons in whom the BMI decreased over time, independent of BP. This relationship was reported for venular diameter but not for CRAE in earlier studies. 10, 52 The underlying reasons for these findings are unknown and may involve complex effects on factors not measured in our study, such as changes in endothelial function associated with weight fluctuations.
In the Beaver Dam Eye Study, a history of heavy alcohol consumption was associated with narrower CRAE. This association has been inconsistently found in previous cross-sectional studies. 10, 36, 46 A similar effect of chronic alcohol ingestion has been reported in both the cerebral and systemic circulations and has been attributed to impaired vasodilation. [53] [54] [55] Although this study has many unique characteristics and strengths, including long-term follow-up, high grader repeatability, and the large population-based study structure, caution is urged in interpreting the findings. One limitation is that the same vessels were not always measured, and, when the same vessels were measured, different lengths may have been measured at different gradings; thus, the CRAE may be an overall summary of different vessels of the retina at different time points. However, the effect of this is thought to be small, as we have found statistically nonsignificant differences when we did side-by-side grading of the same vessels and compared the results with the standard grading approach used in the study (R.K., unpublished data, October 20, 2010) . Second, relationships may have been attenuated by selective survival. Cardiovascular disease and retinal arteriolar narrowing have been shown to be related to mortality in the general population. 10 In summary, these population-based data show that, while adjusting for refraction, cataract status, and image quality, older age, higher BP, heavy drinking, and greater BMI are independently associated with narrower retinal arterioles and current smoking with wider retinal arterioles. Concurrent measures of these risk factors are more strongly associated than past measures with CRAE, and, after 5 years, the relationships are not statistically significant. These data suggest the importance in adjusting for concurrent BP levels, smoking status, and BMI when examining the relationships of retinal arteriolar diameter as risk indicators of systemic disease over long periods. A clear message from these findings is that current exposure to these modifiable risk factors has a larger effect on the small vessel profile than does previous exposure to the same factors. In other words, it suggests that a change in lifestyle (smoking, drinking) and any other modifiable factor is never too late in affecting the microvasculature. Further study is necessary to evaluate the usefulness of measurements of the retinal vasculature in the care of ocular and systemic disease. 
